The nanocluster-Si ͑nc-Si͒ / Er 3+ interaction distance in Er-doped silicon nitride is investigated using SiO x / Si 3 N 4 :Er/ Si 3 N 4 / Si 3 N 4 : Er multilayers. The composition and thickness of SiO x layers were fixed to provide constant sensitization, while the thickness of Si 3 N 4 : Er layers was varied to probe distance-dependence of sensitization. We find that while the distance over which an nc-Si transfers energy to an Er 3+ ion is constant at ϳ0.3 nm, the effective sensitization distance over which an Er 3+ is sensitized via nc-Si can be as large as ϳ1.3 nm. Based on a widely used phenomenological model of the distance-dependent Er 3+ photoluminescence intensity, we identify Er-Er energy migration as an important factor for the extension of the nc-Si sensitization distance over nc-Si energy transfer distance. © 2009 American Institute of Physics. ͓doi:10.1063/1.3259723͔
The nanocluster-Si ͑nc-Si͒ / Er 3+ interaction distance in Er-doped silicon nitride is investigated using SiO x / Si 3 N 4 :Er/ Si 3 N 4 / Si 3 N 4 : Er multilayers. The composition and thickness of SiO x layers were fixed to provide constant sensitization, while the thickness of Si 3 N 4 : Er layers was varied to probe distance-dependence of sensitization. We find that while the distance over which an nc-Si transfers energy to an Er 3+ ion is constant at ϳ0.3 nm, the effective sensitization distance over which an Er 3+ is sensitized via nc-Si can be as large as ϳ1.3 nm. Based on a widely used phenomenological model of the distance-dependent Er 3+ photoluminescence intensity, we identify Er-Er energy migration as an important factor for the extension of the nc-Si sensitization distance over nc-Si energy transfer distance. © 2009 American Institute of Physics. ͓doi:10.1063/1.3259723͔
The use of Er 3+ as an optical dopant has had a long history of research and success. 1 In particular, nanocluster-Si ͑nc-Si͒ sensitization of Er in which Er 3+ ions are excited via energy transfer from excited carriers in nc-Si has attracted great attention because it can increase the effective Er 3+ excitation cross section by several orders of magnitude, enabling efficient top pumping in a small volume using lowcost, broadband light sources. 2, 3 Yet the exact mechanism of energy transfer still remains unclear. Proposed mechanisms range from short-range, Auger-like electron-electron interaction to long-range, resonant dipole interaction, and transfer times from subnanosecond to several microseconds have been reported. [4] [5] [6] The interaction distance is also not well known, as reported values range from 0.4 to 7 nm. 5, [7] [8] [9] [10] Obtaining a more accurate description of the interaction distance, however, is critical for both fundamental understanding of nc-Si sensitization, and developing a method for increasing the fraction of nc-Si sensitized Er 3+ . 8, 11 In this paper, we report on investigating the nc-Si/Er interaction distance in silicon nitride using SiO x / Si 3 N 4 :Er/ Si 3 N 4 / Si 3 N 4 : Er multilayers. SiO x was chosen for sensitization layers because both nc-Si formation in SiO x ͑Ref. 12͒ and effect of oxide passivation of nc-Si 13,14 are well-characterized. Nitrides were chosen for luminescent layers due to its higher refractive index and easier electrical injection. 15, 16 The composition and thickness of SiO x layers were fixed to provide constant sensitization, while the thickness of Si 3 N 4 : Er layers was varied to probe distancedependence of sensitization. We find that while the distance over which an nc-Si transfers energy to an Er 3+ ion is constant at ϳ0.3 nm, similar to what has been reported before for nc-Si sensitized Er in SiO 2 , the effective sensitization distance can be as large as ϳ1.3 nm. Based on a phenomenological model of the distance dependence of Er 3+ photoluminescence ͑PL͒ intensity, we identify Er-Er energy migration as an important factor for the extension of the nc-Si sensitization distance over nc-Si energy transfer distance.
Multilayer thin films with 20 periods of SiO x / Si 3 N 4 :Er/ Si 3 N 4 / Si 3 N 4 : Er layers were deposited at room temperature on a Si substrate by reactive sputter deposition and flowing O 2 and N 2 gases. The excess Si content of SiO x layers was fixed at 23 at. % and Er concentration in the Si 3 N 4 : Er layers was fixed at 1.6ϫ 10 20 cm −3 in all films. The thickness of the SiO x layers was also fixed at 3 nm for all films. On the other hand, the thicknesses of the Si 3 N 4 :Er and Si 3 N 4 layers were varied such that the overall nitride layer thickness was kept fixed at 6 nm as the Si 3 N 4 : Er layer thickness increased from 0.2 to 3 nm. This keeps the entire film thickness the same for all films, and eliminates the possible optical artifacts. After deposition, samples were annealed in flowing N 2 environment for 20 min at 850 or 1150°C. All PL spectra were taken at room temperature. Intensity (a.u.) ing the 476.5 nm line of an Ar laser which is absorbed by nc-Si but not by Er 3+ . We observe both the broad PL peak centered near 850 nm that is typical of oxide-passivated nc-Si, and typical Er 3+ PL peak near 1540 nm. As the Si 3 N 4 : Er layer thickness is increased, the nc-Si PL intensity decreases rapidly, accompanied by a corresponding increase in the Er 3+ PL intensity at 1540 nm, indicating successful energy transfer across the SiO x / Si 3 N 4 : Er boundary. No other luminescence peak, either due to nc-Si or Er, could be observed in the visible-and near-IR range. A similar behavior is observed from the films annealed at 850°C as well ͑data not shown͒. The inset shows the cross-section transmission electron microscopy ͑TEM͒ image of 1150°C annealed sample with 3.0 nm thick Si 3 N 4 : Er layers. The bright bands are the SiO x layers and the dark bands are the nitride layers. We find that the layer structure is well preserved with excellent planarity despite the high temperature anneal which indicates that we can indeed control the nc-Si/Er distance to less than 1 nm. Figure 2 shows a typical dependence of the nc-Si and Er 3+ PL intensities on the Si 3 N 4 : Er layer thickness. We find that the decrease in the nc-Si PL intensity is very rapid, and is well-described by an exponential decrease of the form I=I o exp͓−x / x t ͔, where x t is the effective energy transfer distance. The increase in the Er 3+ PL intensity can also be described by an exponential of the form I=I o ͑1 − exp͓−x / x s ͔͒, where x s is the effective sensitization distance. However, the fit is not as good as that for nc-Si PL. More importantly, x s is much larger than x t . This is shown more clearly in the inset that summarizes the values of x t and x s at different pump powers. We find that x t remains constant near 0.3 nm within error bars for both films at all pump powers. In contrast, x s is much larger. At a pump power of 80 mW, it can be as large as 1.3Ϯ 0.3 nm for the 1150°C annealed film.
The fact that Er 3+ continue to be excited at distances beyond x t of 0.3 nm at which nc-Si are no longer affected by presence of additional Er 3+ ions shows that Er 3+ can be excited by something other than nc-Si. As the only excited object in this system other than nc-Si are Er 3+ ions, this is a strong indication that Er-Er energy migration from an excited Er 3+ ion to an Er 3+ ion in the ground state plays an important role in overall sensitization process. Indeed, given the Er density of 1.6ϫ 10 20 cm −3 , the average Er-Er distance is Ͻ2 nm, which is much shorter than the range of dipole-dipole interaction between 4f-electrons of rare earth ions that can reach tens of nm or more. 17 Therefore, we have analyzed the thickness-dependence of Er 3+ PL intensity using a phenomenological model for the sensitization process. The model consists of three parts. First, we break down the sensitization process into an initial, shortrange nc-Si/Er energy transfer followed by Er-Er energy migration. We take them to be two separate, independent processes based on ͑a͒ the difference in the interaction distances; ͑b͒ difference in response to changes in preparation and pump conditions; and ͑c͒ previous results suggesting that they may have different physical origin. 18 Second, we assume that the Er-Er energy migration that decreases exponentially with distance. While such an exponential decrease does not correspond to a particular physical process, it is a phenomenological description of the energy transfer that has been used successfully to describe the sensitization process, [7] [8] [9] and has been shown to be a good approximation for the volume-integrated dipole-dipole interaction in a layered structure such as that used in this investigation. 10 Finally, we neglect other energy transfer processes such as cooperative upconversion based on the low pump powers used, and lack of any significant Er 3+ PL at 980 nm. We can then write the Si 3 N 4 : Er layer thickness dependence of Er 3+ PL intensity as
ͪͮͬ.
The first exponential in the integral corresponds to nc-Si/Er energy transfer. Thus, we fix x t to be 0.3 nm as observed in Fig. 2 . The second exponential corresponds to Er-Er energy migration, and we use x Er as the fitting parameter. Figure 3 shows the result of fitting the above equation to the experimental data. Also shown is the exponential fit as was used in previous investigations. We find that by including Er-Er energy migration, we can obtain a much better fit to the data even though we still have only one fitting parameter. In particular, only by including Er-Er energy migration can we accurately reproduce both the rapid increase in the Er 3+ PL intensity between 0.2 and 0.6 nm and the quick, complete saturation of the Er 3+ PL intensity beyond 1.5 nm. The values of x Er thus obtained are summarized in the inset. We find that the values x Er for the 1150°C annealed films are considerably higher, by as much as four to five times larger, than the values from the 850°C annealed films.
The fact that the values of x Er , is higher in the films annealed at a higher temperature is consistent with its identification as the effective Er-Er migration distance, as higher anneal temperature lowers the density of quenching centers, thereby increasing the density of optically active Er 3+ and facilitating Er-Er energy transfer. This is confirmed in Fig. 4 that shows the dependence of the Er 3+ PL intensities on the Si 3 N 4 : Er layer thickness under 980 nm line pumping which is absorbed directly by Er ions only. 19 Furthermore, as the inset shows, the Er 3+ luminescence lifetimes are comparable at 0.9 and 1.1 ms for the 850 and 1150°C annealed films, respectively. Thus, any difference in the resonantly pumped Er 3+ PL intensity is directly related to the number of optically active Er 3+ . From the difference in the slope, we estimate that the density of optically active Er 3+ in 1150°C annealed films to be about 3.5 times higher than that in the 850°C annealed films.
A detailed analysis of relationship between concentration of optically active Er and migration of Er excitation is beyond the scope of this letter. However, since Er-Er energy migration occurs via dipole-dipole transfer with r −6 rate dependence, where r is distance between optically active Er 3+ ions, the fact the 1150°C annealed film has higher optically active Er concentration agrees well with its larger x Er value obtained in Fig. 3 , and is consistent with our argument that Er-Er energy migration can play a significant role in the overall nc-Si/Er sensitization process.
Note that the energy-transfer distance of 0.3 nm essentially corresponds to the interatomic distance, implying that an excited nc-Si is very likely to transfer its energy to the nearest Er 3+ ion present. This is consistent with reports of extremely strong coupling between nc-Si and Er, 20 and also with observed near complete quenching of nc-Si luminescence even when only a very small fraction of Er 3+ is coupled to nc-Si. 21 This implies, unfortunately, that the fraction of Er 3+ that is coupled directly to nc-Si is likely to remain low. On the other hand, the effective sensitization distance can be increased, and more Er 3+ ions excited by a single nc-Si, if Er-Er migration is significant. As Er-Er migration distance depends both on preparation and excitation conditions, this may explain the discrepancies in the reported sensitization distances and the fraction of Er coupled to ncSi. It also may provide a novel direction of research for nc-Si sensitization of Er, as doubling the sensitization distance, in principle, would more than quadruple the fraction of nc-Si sensitized Er.
In conclusion, we investigated the interaction characteristics of nc-Si and Er 3+ ions in nitride. We find that the distance over which an nc-Si transfers energy to an Er 3+ ion is only ϳ0.3 nm, and remains constant even as the film fabrication and optical excitation conditions are varied. The effective sensitization distance over which an Er 3+ is sensitized via nc-Si. Based on detailed modeling of the distancedependence of Er 3+ PL intensity, we identify Er-Er energy migration as an important factor for the extension of the nc-Si sensitization distance over nc-Si energy transfer. 
